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Abstract 
 
Based on X-ray photoelectron spectroscopy, Gd5Ge4(010) does not show evidence of surface 
segregation. Scanning tunneling microscopy reveals two types of terraces which alternate 
laterally on the surface. From the step heights, these two surface terminations are assigned as 
dense, Gd-pure layers in the bulk structure. There is evidence of reconstruction on one type of 
terrace.  
 
Introduction  
  
 Intermetallics have properties that are of real and potential use. Sometimes, those 
properties are surface or interface properties, such as catalytic activity, low adhesion, or 
oxidation resistance [1; 2]. This motivates investigations of their basic surface structure and 
composition. The most extensively-investigated intermetallic surfaces, by far, are those of 
metallic quasicrystals and related periodic phases.  
 From the studies of clean surfaces of these materials in ultrahigh vacuum, some 
interesting generalizations have emerged [3]. First, quasicrystals and related periodic phases are 
surprisingly stable against surface segregation and surface reconstruction, i.e. they tend to be 
bulk-terminated.  Exceptions exist, but the overall picture is that surfaces of these intermetallics 
are less prone to segregation and reconstruction than those of typical metallic alloys. Second, 
because of their chemical and structural complexity in the bulk, the surfaces are intrinsically 
heterogeneous. As a result, they present a variety of adsorption sites. If the surface is bulk-
terminated, these sites can be predicted and exploited, e.g. in heterogeneous catalysis [4]. 
Finally, surfaces of quasicrystals and related intermetallics can contain metastable terraces or 
regions of terraces. These metastable regions develop and then evolve or disappear during the 
high-temperature treatment by which well-ordered surfaces are typically prepared. This again is 
thought to be a consequence of chemical and structural complexity, wherein different bulk 
terminations may be separated by relatively small energetic differences.  
 It is not known whether these generalizations may apply to surfaces of intermetallics 
other than quasicrystals and related phases.  In this paper, we report a study of the surface of an 
intermetallic, Gd5Ge4, which allows some interesting comparisons.  
 Gd5Ge4 is a prototype for a class of materials that have promising magnetoresponsive 
properties. More specifically, the rare earth metal Gd, and its alloys or compounds with certain 
post-transition elements such as Ge and Si, are considered promising materials for magnetic 
refrigeration below or near room temperature [5; 6].  
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Figure 1.  Bulk structure of Gd5Ge4 [7-9]. 
 
 The bulk structure of Gd5Ge4 is represented in Figure 1. The crystal symmetry is 
orthorhombic with 36 atoms per unit cell. It is often described as an assemblage of loosely-
coupled slabs, a viewpoint that is emphasized in Figure 1. The <010> direction is perpendicular 
to dense bulk layers, some of which consist of pure Gd (layers at top and bottom faces of each 
slab), while others are mixed Gd and Ge (middle layer in each slab). In quasicrystals and even in 
elemental solids, layer density is a factor that distinguishes among possible terminations, denser 
layers being generally more favored [10; 11]. One thus might expect the dense layers in Gd5Ge4 
to be strong candidates for surface terminations.  
 In this work, we use X-ray photoelectron spectroscopy (XPS) to determine surface 
composition, as a screen for possible surface segregation. We use scanning tunneling microscopy 
(STM) to obtain information about surface structure.  
 
Experimental Description  
 
  The experimental conditions are described fully elsewhere [12]. Briefly, single crystal 
ingots of Gd5Ge4 were synthesized at the Materials Preparation Center of the Ames Laboratory 
[13]. Two samples were used in the work described here, both cut from the same ingot. After 
orientation and polishing in air, further surface preparation and analysis were carried out in an 
Omicron ultrahigh vacuum chamber with base pressure ≤ 1.0 x 10-10 mbar, equipped for both 
XPS and STM. The most intense XPS peaks of Gd and Ge were used for quantitative analysis. 
All STM images were acquired while the sample was at room temperature, i.e. after it had cooled 
from any annealing treatment. The maximum annealing temperature was 1200 K. 
 
Results 
 
 XPS was used to analyze depth profiles from the two samples, after they were argon-ion 
etched and annealed at various temperatures. If significant surface segregation occurred, one 
would expect the concentration to change as a function of depth. However, measured 
concentrations are always within + 5 at% of the bulk concentration, and there is no evidence for 
a systematic difference between the composition at/near the surface, and the composition deeper 
in the bulk.  
 Figure 2 and Figure 3 show typical STM data from the two samples. There are two types 
of terraces, which we denote A and B. These are labeled in Figure 2. The A-terraces are 
relatively smooth, and at higher magnification one can see that the A-terraces are covered by 
parallel linear features, as shown in Figure 3(A). These lines are separated by 1.0 nm, and they 
are 0.04 nm high. Hence, relative to the scale of a single atom (ca. 0.2 nm), the lines are broad 
but shallow. There is only a single rotational domain of lines, i.e. the lines are always parallel, 
even over different terraces widely removed. This indicates that the lines are strongly related to 
the bulk structure. Their exact origin is unknown, but the lines probably represent a surface 
reconstruction. The B-type terraces show no regular features like the lines, but they have many 
bumps that are 0.3-0.4 nm high. The bumps are shown close-up in Figure 3(B). These bumps are 
the reason why the B-terraces look rough relative to the A-terraces, as can be seen in Figure 2. 
Thus, the two types of terraces are easily distinguished by their nm-scale structure. Furthermore, 
these two types alternate in sequence across the surface, which is evident in Figure 2.  
Since these two types of terraces have different structures, they cannot be energetically 
equivalent. The fact that they co-exist indicates that they are probably very close, however. In 
fact, the relative area that is covered by the two types varies considerably between annealing 
temperatures, between samples annealed at the same temperature, and even between different 
areas on the same sample. This variation is likely due to the fact that small factors can tip the 
balance in favor of one or the other.  
 More insight can be gained from the step heights. Between similar terraces, the A-A or 
B-B separation is 0.75 ± 0.01 nm. This is almost exactly half the length of the bulk unit cell in 
the direction perpendicular to the (010) surface, which is 1.482 nm. (See Figure 1.) This 
relationship is very reasonable, since the separation between equivalent dense terminations is 
1.482/2 nm = 0.74 nm in the <010> direction. For instance, the Gd-pure layers at the tops of 
slabs would be equivalent surface terminations, and two such layers are separated by 1.482/2 nm 
= 0.74 nm (Figure 1).  
 
 
Figure 2.  Two STM images showing alternating A- and B-terraces, on a sample that had been annealed at 900 K. 
Terrace types are labeled in italics. Image sizes are (A) 150 nm x 150 nm and (B) 130 nm x 130 nm. In both cases, 
tip bias is +1 V, and tunneling current is 0.5 nA. 
 
Figure 3.  Two STM images showing regions of the A- and B-terraces at higher magnification than in Figure 2. In 
both cases, the sample had been annealed at 900 K. Tunneling conditions are as in Figure 2. (A) A-terrace, 50 nm x 
50 nm; (B) B-terrace, 26 nm x 24 nm. 
 
 Note that a Gd-pure layer at the top of a slab would not be equivalent to the Gd-pure 
layer at the bottom of a slab, as a surface termination. In the bulk these two layers have identical 
chemical environments, but as surfaces, they would be chemically different. Another way of 
stating this is that in the bulk, the two dense Gd-pure layers at the top and bottom of a slab are 
related by a mirror plane, but a surface breaks the mirror symmetry.  
 Between dissimilar terraces, A-to-B or B-to-A steps are 0.35 ± 0.01 nm high, with the 
range of averages being 0.31 to 0.39 nm. This is compatible with the separation between adjacent 
pairs of inequivalent Gd-pure layers in the bulk, i.e. between Gd-pure layers that are at the tops 
and bottoms of slabs. Those separations are 0.32 nm and 0.42 nm. The experimental range is not 
compatible with the separations between the mixed Gd-Ge layer in the middle of a slab and Gd-
pure dense planes, since those separations are 0.21 nm and 0.53 nm.  
 We thus conclude that the A and B terraces are inequivalent surface terminations 
consisting of Gd-pure layers. Since the two types of inequivalent layers in the bulk alternate 
along the <010> direction, this fits with the observed alternation between A and B terraces. If the 
surface atoms were frozen in bulk positions, the two terminations would have exactly the same 
density and arrangement of Gd atoms in the top layer; chemical differences arise only when 
considering deeper layers. The similarity of the atomic arrangement in the top layer may explain 
the apparent small difference in stability between A- and B-terraces.  
  
Discussion 
 
 Gd5Ge4 is similar to quasicrystals and related intermetallics in the sense that there is no 
appreciable surface segregation. Lack of surface segregation gives a hint that the Gd5Ge4 
surfaces may be bulk terminated or nearly so. Indeed, the step heights and variation of terrace 
morphology (i.e. alternating A- and B-terraces) can be explained well within the context of the 
bulk structure. Based on the step heights, the STM data are compatible with the identification of 
A- and B-terraces as Gd-rich layers in the bulk structure. However, that is not proof that the 
atomic arrangements at the surface are identical to those in the bulk. Indeed, STM shows features 
on the A-terraces that suggest reconstruction. The Gd-rich layers in the bulk are simply the 
starting point for understanding the real surface structure, which warrants further investigation.  
 The existence of different types of terminations, corresponding to different bulk layers, is 
similar to certain quasicrystals and related periodic intermetallics. In five-fold surfaces of 
icosahedral quasicrystals, experimental data show that different terraces behave differently, for 
example with respect to nucleation of ad-atom islands [14]. The bulk structural models of 
icosahedral quasicrystals predict variation among terraces in terms of their densities of 
adsorption sites, chemical decoration of adsorption sites, average composition, and other 
characteristics [15; 16].  
 A more specific similarity exists with the (100) surface of the Al13Co4 intermetallic. 
There, two types of terraces are observed with STM, one rougher than the other [17]. These have 
been correlated with two dense, Al-rich layers in the bulk structure, one puckered and the other 
atomically-flat. (The puckered surface layer is not exactly the same as the bulk layer. It has some 
atoms missing, but the remaining atoms essentially retain the bulk arrangement [17; 18].) In 
Al13Co4(100) the two types of terraces alternate laterally on the surface, separated by steps of a 
single height [17]. Both the alternation and the step height are consistent with the stacking of Al-
rich layers in the bulk structure. In all of these respects, the two types of terraces in Al13Co4(100) 
seem quite analogous to the A- and B-terraces on Gd5Ge4(010).  
 In Al13Co4(100), one type of terrace disappears upon extended annealing at elevated 
temperature, so the other must be the less-stable termination [17]. In our experiments, we did not 
observe that one terrace disappears systematically with increasing temperature, but an indication 
of this type of evolution may be the bumps on the B-terraces. We could not resolve fine structure 
on these bumps, but they are the same height as the steps that separate A- and B-terraces. Thus, 
they might be vestiges of A-terraces that either disappear or grow at elevated temperature, and 
become frozen in place as the sample cools for STM imaging.  
 Interestingly, similar phenomena have also been observed on some quasicrystal surfaces. 
For fivefold surfaces of two icosahedral quasicrystals, Al65Cu20Ru15 and Al70Pd21Mn9, some 
terraces can exhibit a pock-marked appearance, with many shallow voids, while other terraces 
are smooth [19; 20]. The proposed explanation is that metastable terraces form and then 
disappear during annealing at elevated temperatures, leaving behind voids as the metastable 
terminations shrink in area [19]. A related but more complex phenomenon occurs on the tenfold 
surface of the decagonal quasicrystal, Al63Co20Cu17, which displays 3 different types of terraces. 
There, one particular type of terrace often contains nanodomains that exhibit the surface structure 
associated with one of the other terrace types [21; 22]. It is thought that the terraces with 
nanodomains may be in the process of transforming, at elevated temperature, into the type that is 
included as the nanodomain [22].  
 
Conclusions 
 
 The Gd5Ge4(010) surface shares certain features with surfaces of quasicrystals and 
related intermetallics, particularly Al13Co4(100).  First, Gd5Ge4(010) appears stable against 
surface segregation. Second, it exhibits more than one type of terrace. Third, one of its terrace 
types contains features (bumps) that may be vestiges of structural evolution during annealing at 
elevated temperature. It would be very interesting to determine whether these characteristics are 
shared by surfaces of other complex intermetallics.  
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